The photosynthetic apparatus is composed of proteins encoded by genes from both the nucleus and the chloroplast. To ensure that the photosynthetic complexes are assembled stoichiometrically and to enable their rapid reorganization in response to a changing environment, the plastids emit signals that regulate nuclear gene expression to match the status of the plastids. One of the plastid signals, the chlorophyll intermediate Mg-ProtoporphyrinIX (Mg-ProtoIX) accumulates under stress conditions and acts as a negative regulator of photosynthetic gene expression. By taking advantage of the photoreactive property of tetrapyrroles, Mg-ProtoIX could be visualized in the cells using confocal laser scanning spectroscopy. Our results demonstrate that Mg-ProtoIX accumulated both in the chloroplast and in the cytosol during stress conditions. Thus, the signaling metabolite is exported from the chloroplast, transmitting the plastid signal to the cytosol. Our results from the Mg-ProtoIX over-and underaccumulating mutants copper response defect and genome uncoupled5, respectively, demonstrate that the expression of both nuclear-and plastid-encoded photosynthesis genes is regulated by the accumulation of Mg-ProtoIX. Thus, stress-induced accumulation of the signaling metabolite Mg-ProtoIX coordinates nuclear and plastidic photosynthetic gene expression.
INTRODUCTION
Proper function of the plant cell depends on the regulated and reciprocal interaction between its different compartments. This includes not only the exchange of metabolic intermediates and energy equivalents but also information. The genetic information of the plant cell is divided between three different compartments, the nucleus, mitochondria, and chloroplasts. However, the majority of the organellar proteins are encoded in the nucleus, and the presence of genes encoding organellar proteins in different cellular compartments presents the complex problem to coordinate the activities of the different genomes of the plant cell (Surpin and Chory, 1997; Surpin et al., 2002; Richly et al., 2003) . To achieve this coordination, mechanisms to orchestrate nuclear and organellar gene expression have evolved and these include both anterograde and retrograde controls (Rodermel and Park, 2003) . Anterograde mechanisms (nucleus-to-plastid) coordinate gene expression in the plastid with cellular and environmental cues that are perceived and choreographed by genes in the nucleus. This type of traffic includes nuclear-encoded proteins that regulate the transcription and translation of plastid genes. Retrograde (organelle-to-nucleus) signaling, on the other hand, coordinates the expression of nuclear genes encoding plastid proteins with the metabolic and developmental state of the plastid (Susek et al., 1993; Strand et al., 2003) .
The photosynthetic apparatus is composed of proteins encoded by genes from both the nucleus and the chloroplast. For example, in the photosynthetic electron transport complexes of the thylakoid membrane, the core subunits are encoded by the chloroplast genome, and the peripheral subunits are encoded by the nuclear genome. In the stroma, the large subunit of ribulose-1, 5-bis-phosphate carboxylase/oxygenase (Rubisco) is chloroplastically encoded, whereas the small subunit is nuclear encoded. To ensure that all these photosynthetic complexes are assembled stoichiometrically and to enable their rapid reorganization in response to a changing environment, the plastids emit signals that regulate nuclear gene expression to match the status of the plastids (Mayfield and Taylor, 1984; Burgess and Taylor, 1988; Taylor, 1989; Susek et al., 1993; Beck, 2005) . It is now clear that several different plastid processes produce signals influaccumulate under stress conditions affecting the structure and function of the thylakoid membrane and acts as a negative regulator of nuclear-encoded photosynthesis genes (Strand et al., 2003; Wilson et al., 2003) . In the genome-uncoupled mutants gun2 and gun5, Mg-ProtoIX does not accumulate to the same critical amount during stress due to reduced flux through the tetrapyrrole pathway. As a result, the plastid signal is lost in these mutants and expression of a large number of nuclear genes encoding chloroplastic proteins directly associated with the photosynthetic reaction is maintained (Strand et al., 2003) .
Although there is clear biochemical (Kropat et al., 1995 (Kropat et al., , 1997 (Kropat et al., , 2000 and genetic (Susek et al., 1993; Larkin et al., 2003; Strand et al., 2003) evidence for Mg-ProtoIX-mediated plastid-tonucleus communication, it remains unclear how the signal is transmitted from the chloroplast, where it is synthesized, to the nucleus. Is Mg-ProtoIX emitted from the chloroplast itself or does it interact with chloroplast-localized signaling proteins that as a consequence are emitted from the chloroplast and transduce the plastid signal further? Second, does accumulated Mg-ProtoIX also affect the expression of the genes encoded in the plastids and thereby synchronize the photosynthetic gene expression from the two genomes? To test whether Mg-ProtoIX itself is exported from the chloroplast to the cytosol, it was possible to take advantage of the photoreactive property of tetrapyrroles. Thus, Mg-ProtoIX could be visualized in the cells using confocal laser scanning spectroscopy, and our results demonstrate that Mg-ProtoIX accumulates both in the chloroplast and in the cytosol during stress conditions. Furthermore, we tested the expression of plastid-encoded genes in the Mg-ProtoIX over-and underaccumulating mutants copper response defect (crd) and gun5, respectively (Strand et al., 2003; Tottey et al., 2003) , and found that expression of the plastid-encoded photosynthesis genes also respond to the accumulation of Mg-ProtoIX, demonstrating that Mg-ProtoIX coordinates nuclear and plastidic photosynthetic gene expression.
RESULTS

Visualization of Tetrapyrroles Using Confocal Laser Scanning Spectroscopy
The possibility to use confocal laser scanning spectroscopy to detect emission signals from specific tetrapyrroles was investigated using authentic standards for the tetrapyrroles ProtoIX ( Figure 1A ), Mg-ProtoIX ( Figure 1C) , and Mg-protoporphyrinIXmethylester (Mg-ProtoIX-ME) ( Figure 1E ) (Frontier Scientific). A total of 40 pmol of each tetrapyrrole was applied to 3-mm Whatman paper, and spectral emission was recorded following 405-nm diode laser excitation. ProtoIX showed a clear emission peak between 620 and 640 nm ( Figure 1B) , whereas Mg-ProtoIX and its methylester Mg-ProtoIX-ME both showed emission peaks between 580 and 600 nm ( Figures 1D and 1F ). To confirm that the 580-to 600-nm emission peak was associated to the Mg chelated form of ProtoIX, spectral emission of ProtoIX, Mg-ProtoIX, and Mg-ProtoIX-ME in 3 N HCl (Mg removal conditions according to Rebeiz et al., 1970) confirmed that the 580-to 600-nm and 620-to 640-nm emission windows are respectively due to the chelated and unchelated forms of ProtoIX ( Figures 1B,   1D , and 1F). In addition to the 580-to 600-nm emission peak, the Mg-ProtoIX and Mg-ProtoIX-ME standards showed emission peaks corresponding to ProtoIX (Figure 1D and 1F) . HPLC traces of the Mg-ProtoIX and Mg-ProtoIX-ME standards demonstrated that the standards were not pure and also contained ProtoIX (Figure 2 ). Using this method we cannot discriminate between Mg-ProtoIX and its methyl ester, Mg-ProtoIX-ME. Mg-ProtoIX-ME has been shown to affect the expression of the nuclear-encoded gene HSP70 in Chlamydomonas to the same extent as Mg-ProtoIX (Kropat et al., 1997) . However, in Arabidopsis, Mg-ProtoIX was the only intermediate to significantly accumulate following treatment with norflurazon to initiate plastid-to-nucleus communication ( Figure 2D ) (Strand et al., 2003) . The emission peaks detected from the dissolved tetrapyrrole standards by the confocal microscope were as expected between 620 and 640 nm for ProtoIX and Mg-ProtoIX and between 580 and 600 nm for its methyl ester (Hukmani and Tripathy, 1992) . Thus, confocal laser scanning spectroscopy could be used to visualize and discriminate between Mg chelated forms of tetrapyrroles.
Verification of Emission Signals from Specific Tetrapyrroles Using Mutants Affected in the Synthesis of Tetrapyrroles
Confocal laser scanning spectroscopy was used to determine tetrapyrrole accumulation in vivo. Aminolevulinic acid (ALA), an early precursor of tetrapyrroles, was fed to Arabidopsis seedlings to amplify tetrapyrrole accumulation (Strand et al., 2003; Tottey et al., 2003) . ALA feeding enabled clear and stable visualization of tetrapyrrole intermediates (Figures 3 to 5) that, with our microscope, was not possible without ALA feeding. Mutants with different lesions in the tetrapyrrole pathway (Table 1) were used as controls for the specificity of the emission signals. We used a T-DNA insertion mutant of the D-subunit of Mg-chelatase complex (chld). The homozygote chld mutant is albino and unable to synthesize Mg-ProtoIX and consequently chlorophyll (Strand et al., 2003) . In addition, the gun5 mutant has a lesion in the H-subunit of Mg-chelatase, and its accumulation of Mg-ProtoIX following stress conditions is strongly suppressed (Mochizuki et al., 2001; Strand et al., 2003) . As a complement, we used the T-DNA insertion mutant crd of the CRD gene, encoding a potential subunit of the cyclase enzyme complex involved in chlorophyll biosynthesis downstream of Mg-ProtoIX (Tottey et al., 2003) (Table 1) .
Emissions from ALA-fed chld, gun5, crd, and wild-type cotyledons are shown, and representative images were taken at 585 to 615 nm, 627 to 657 nm, and 680 to 710 nm for the specific emission of Mg-ProtoIX ( Figures 3B, 3F , 3J, and 3N), ProtoIX ( Figures 3C, 3G , 3K, and 3O), and chlorophyll ( Figures 3D, 3H , 3L, and 3P), respectively, and corresponding fluorescence emission spectra are presented ( Figures 3Q to 3T ). In the wild type, clear emission peaks for ProtoIX and chlorophyll were detected ( Figures 3O, 3P , and 3T). By contrast, the chld mutant showed almost no accumulation of chlorophyll, but a strong increase in ProtoIX accumulation was detected ( Figures 3C, 3D , and 3Q). This emission profile was expected as the chld mutant cannot convert ProtoIX to Mg-ProtoIX. The leaky gun5 mutant showed an emission profile similar to the chld mutant, but with relatively less accumulated ProtoIX and more chlorophyll (Figures 3G, 3H, and 3R) . The crd mutant showed a strong accumulation of ProtoIX ( Figures 3K and 3S) , and a slight accumulation of Mg-ProtoIX could be detected that was not observed in any of the other seedlings ( Figure 3S ). The spectral traces shift in their emission peak for chlorophyll from 5 to 10 nm in the gun5 and crd mutants. However, this small shift cannot be considered significant as fluorescent emission peaks are influenced by many factors, such as ionic strength and pH; a clear example of this is the spectral analysis of protoporphyrin IX where the emission Visualization of Mg-ProtoIX 3 of 16 varies depending on the pH ( Figure 1B ). Principal component analysis of the emission spectra clearly demonstrated that spectra from the wild type and the mutants are significantly different (see Supplemental Figure 1 online), supporting the specificity of the emission peaks.
To initiate accumulation of Mg-ProtoIX, we used norflurazon, a noncompetitive inhibitor of carotenoid biosynthesis (Figure 2 ) (Susek et al., 1993; Mochizuki et al., 1996; Strand et al., 2003) .
When emissions from accumulated tetrapyrrole intermediates were compared between control grown ( Figure 3 ) and norflurazontreated seedlings, much higher amounts of Mg-ProtoIX could be detected in the norflurazon-treated seedlings ( Figures 4B to 4J ). This observation confirmed published results demonstrating specific accumulation of Mg-ProtoIX under stress conditions affecting thylakoid structure ( Figure 2D ) (Strand et al., 2003; Wilson et al., 2003) . The crd mutant showed a significant accumulation HPLC traces for ProtoIX (A), Mg-ProtoIX (B), Mg-ProtoIX-ME (C), and wild-type (D) samples grown on norflurazon (NF) following ALA feeding. (A) to (P) Emission using confocal laser scanning spectroscopy from chld (Q) to (T) Corresponding fluorescence emission spectra are shown from the plastids (solid line) and cytosol (dotted line). Emission spectra were normalized to the maximum value for each measurement, and overall spectrum was calculated by averaging measurements of 10 positions overlapping (solid line) and excluding (dotted line) chloroplasts.
of 4J, 4N, and 4O) , whereas the gun5 mutant demonstrated the opposite effect, underaccumulation of Mg-ProtoIX and overaccumulating ProtoIX, relatively (Figures 4B, 4C, and 4M) . We cannot discriminate between the emission from Mg-ProtoIX and Mg-ProtoIX-ME, but HPLC traces showed that no methyl ester accumulated in the wild type ( Figure 2 ) or in the crd and gun5 mutants (data not shown) following norflurazon treatment. Taken together, using the different mutants with specific lesions in the tetrapyrrole pathway grown under different conditions, we could demonstrate that the fluorescence emissions were specific for the tetrapyrroles ProtoIX, Mg-ProtoIX, and chlorophyll. (A) to (L) Emission using confocal laser scanning microscopy from gun5 (M) to (O) Corresponding fluorescence emission spectra are shown from the plastids (solid line) and cytosol (dotted line). Emission spectra were normalized to the maximum value for each measurement, and overall spectrum was calculated by averaging measurements of 10 positions overlapping (solid line) and excluding (dotted line) chloroplasts.
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In Vivo Visualization of Mg-ProtoIX Accumulation in the Cytosol
The snowy cotelydon 1 protein (SCO1) is localized to the stroma of the chloroplast, and a SCO1:green fluorescent protein (GFP) transgenic line (Albrecht et al., 2006) was used for the in vivo localization of Mg-ProtoIX. Seedlings from the SCO1:GFP line were grown on norflurazon and ALA fed. The GFP-tagged SCO1 protein was clearly visualized in the chloroplasts of both hypocotyls and cotyledons and in the plastids of the roots (Figures 5B, 5F, and 5J; see Supplemental Figures 2 to 4 online). Furthermore, the GFP signal was distinctively localized to the chloroplasts both in the green control and the norflurazon-treated seedlings, demonstrating that the envelope membrane of the chloroplast was not disrupted by the norflurazon treatment (see Supple The chloroplasts were clearly visualized with the GFP signal in the SCO1: GFP line. In the mutant lines, chloroplastic and cytoplasmic positions were selected by bright-field microscopy ( Figure 3 and 4) . Bright-field microscopy is not as accurate as using the GFP chloroplast marker, and this may explain why we detect chlorophyll outside the chloroplast in the mutants (Figure 3 To test in planta whether the observed accumulation of MgProtoIX in the chloroplast also has an impact on expression of the genes encoded in the plastid, we used the Mg-ProtoIX under-and overaccumulating mutants gun5 and crd, respectively (Strand et al., 2003; Tottey et al., 2003) . First, to eliminate the possibility that the chloroplasts of the mutants are less affected by the norflurazon treatment compared with the wild type, transmission electron micrographs (TEMs) were retrieved from mesophyll cells of the wild type, gun5, and crd from control and norflurazontreated seedlings. Under control conditions, the chloroplast structure of the gun5 mutant was indistinguishable from the wild type ( Figures 6A and 6B) . Furthermore, under control conditions, nuclear photosynthetic gene expression is not different in the gun5 mutant compared with the wild type (Susek et al., 1993; Strand et al., 2003) , and the gun phenotype is only seen under stress conditions where Mg-ProtoIX accumulates in the wild type (Larkin et al., 2003; Strand et al., 2003) . The thylakoid structure was not as condensed in the crd mutant as in the wild type and the gun5 mutant ( Figure 6C ). This could be explained by the lesion in chlorophyll biosynthesis of the crd mutant (Tottey et al., 2003) .
The norflurazon treatment results in photobleaching, and the seedlings suffer from photooxidation of the thylakoid membranes (Burgess and Taylor, 1988) . As a result, the norflurazontreated seedlings displayed a structure similar to the prolamellar body instead of properly developed thylakoid membranes. By contrast, the envelope membrane was not affected by the norflurazon treatment, demonstrating that the effect of norflurazon is specific to the interior thylakoid membranes ( Figures 6D  to 6F ). This was also demonstrated with the confocal images using the SCO1:GFP line where the GFP signal was distinctively localized to the chloroplasts ( Figure 5 ). Following norflurazon treatment, the chloroplast structures of the gun5 and crd mutants were indistinguishable from the wild type ( Figures 6D to 6F ).
The crd mutant with a Lesion in the Tetrapyrrole Pathway Downstream of Mg-ProtoIX Does Not Exhibit a gun Phenotype
The accumulation of Mg-ProtoIX results in decreased transcription of nuclear-encoded photosynthetic genes (Burgess and Taylor, 1988; La Rocca et al., 2001; Larkin et al., 2003; Strand et al., 2003) . The crd mutant was used to test the effect on photosynthetic gene expression of a lesion in the tetrapyrrole pathway downstream of Mg-ProtoIX. Expression of the nuclearencoded genes LHCB1 and RBCS was investigated in the wild type and the gun5 and crd mutants in control and norflurazontreated seedlings ( Figures 7A and 7B) . Under control conditions, the expression levels of LHCB1 and RBCS were similar in the mutants and wild type (data used in Figure 7) . Following norflurazon treatment, the gun5 mutant displayed the previously described derepression of LHCB1 and RBCS compared with the wild type (Mochizuki et al., 2001; Strand et al., 2003) , whereas the crd mutant did not display a genome uncoupled, gun phenotype (Figures 7A and 7B ). The repression of LHCB1 and RBCS expression in the crd mutant ( Figures 7A and 7B) is consistent with what has been reported for barley (Hordeum vulgare) mutants of the cyclase complex (Gadjieva et al., 2005) and confirms the role of Mg-ProtoIX as a negative regulator of nuclear-encoded photosynthesis genes.
Expression of Plastid-Encoded RNA Polymerase-Dependent Genes Responds to Accumulation of Mg-ProtoIX Plastid-encoded genes are transcribed by at least two types of RNA polymerases: one is the nuclear-encoded plastid RNA Visualization of Mg-ProtoIXpolymerase (NEP) and the other is the plastid-encoded RNA polymerase (PEP). NEP mediates the transcription of housekeeping genes (Hanaoka et al., 2005) , whereas photosynthesisrelated genes are transcribed by PEP (Allison et al., 1996; DeSantis-Maciossek et al., 1999) . We investigated the effect on Mg-ProtoIX accumulation on expression of a number of PEP-and NEP-dependent genes ( , respectively. Emission spectra were normalized to the maximum value for each measurement, and overall spectrum was calculated by averaging measurements of 10 positions overlapping (solid line) and excluding (dotted line) chloroplasts. Merged images of the boxed areas in (B) and (C) with a 1.87-airy pinhole opening are illustrated in (M) (emission windows of 507 to 537 nm for GFP and 585 to 615 nm for Mg-ProtoIX). Bars ¼ 10 mm.
of 16
The Plant Cell D2), encoding components of the PSII core, and psaA (photosystem I [PSI] P700 apoprotein A) and psaC (PSI subunit VII) genes, encoding components of PSI, and the rbcL gene, encoding the large subunit of Rubisco, were significantly higher in the gun5 mutant compared with the wild type or the crd mutant when all genotypes were treated with norflurazon ( Figures 8A to 8E ). Similar to the nuclear-encoded photosynthesis genes (Figure 7 ), the expression of the plastid-encoded photosynthesis genes psbA, psbD, psaA, psaC, and rbcL was derepressed in gun5 compared with the wild type or the crd mutant following norflurazon treatment ( Figures 8A to 8E ). RNA gel blots were performed to investigate whether there were any effects on RNA processing following norflurazon treatment in the different genotypes (see Supplemental Figure 6 online). The real-time PCR results could be reproduced using RNA gel blots, and no difference in transcript sizes could be detected between the wild type and the mutants. We also investigated expression levels of the NEP-dependent genes RpoB, which encodes the RNA polymerase b-chain, and AccD, which encodes the acetyl-CoA carboxylase b-subunit (Hess et al., 1993; Liere et al., 2004) . The promoters of ClpP encoding an ATP-dependent protease and of Rpl33 encoding ribosomal protein L33 contain both NEP and PEP motifs and are believed to be transcribed by both types of RNA polymerases (Hajdukiewicz et al., 1997; Liere et al., 2004) . In the wild type, the expression of these housekeeping genes was not repressed by the norflurazon treatment, and no difference in expression levels could be found between the gun5 mutant and the wild type ( Figures 9A to 9D) . By contrast, the crd mutant showed repression for the expression of the AccD, Rpl33, and ClpP genes following norflurazon treatment. The repressed expression of the housekeeping genes in the crd mutant could possibly be explained by the observed difference in the thylakoid structure in the crd mutant (Figure 6 ), suggesting that other plastid signals regulating the housekeeping genes could be activated in the mutant. Thus, unlike the PEP-dependent photosynthesis genes, expression of the plastid-encoded NEP-dependent housekeeping genes could not be linked to the accumulation of Mg-ProtoIX using the over-and underaccumulating mutants crd and gun5, respectively.
Mg-ProtoIX Controls Expression of Plastid-Encoded Photosynthesis Genes by Regulating the Nuclear-Encoded Sigma Factors
PEP consists of core subunits encoded in the plastid genome that assemble with one of the promoter specificity sigma factors (SIG1-6) encoded in the nucleus (Hanaoka et al., 2005) . Given the specific derepression of the PEP-dependent genes following norflurazon treatment in the gun5 mutant, we investigated the expression of the nuclear-encoded sigma factor SIG1-6. In the wild type, expression of the SIG1-6 genes was strongly repressed Expression change following norflurazon treatment compared with the green control in the wild type, gun5, and crd of the nuclear-encoded LHCB1 (A) and RBCS (B) genes. Real-time PCR was used, and 18S rRNA was used as internal standard for the different cDNA samples. Each bar presented as log2 represents the mean (695% confidence interval [CI] ) of at least three independent experiments. Seedlings were grown with and without 0.5 mM norflurazon for 6 d in a 16-h-light/ 8-h-dark cycle.
Visualization of Mg-ProtoIX 9 of 16 following norflurazon treatment ( Figures 10A to 10F ). The crd mutant demonstrated the same expression pattern for the SIG1-6 genes as the wild type ( Figures 10A to 10F ). However, the gun5 mutant did not show any repression of the SIG2-SIG6 genes following norflurazon treatment ( Figures 10B to 10F ). The SIG1 gene was repressed by the norflurazon treatment in the gun5 mutant but to a lesser extent than the wild type and the crd mutant ( Figure 10A ). Consequently, the derepression of the plastid-encoded photosynthesis genes in the gun5 mutant could be matched with the maintenance of expression of the nuclearencoded plastidic sigma factors. The NEP are encoded by the RPOT genes, and in Arabidopsis, three RPOT genes have been identified: RPOMT and RPOPT are directed to mitochondria and chloroplasts, respectively, whereas the third, RPOT2, has dual targeting properties (Hedtke et al., 1997 (Hedtke et al., , 2000 Baba et al., 2004) . Expression of RPOPT was not repressed in the wild type or in the gun5 mutant following norflurazon treatment. However, the crd mutant demonstrated a slight repression of the RPOPT expression. The expression pattern for the different genotypes was similar to the expression of the NEP-dependent genes RpoB, AccD, ClpP, and Rpl33 ( Figure 9 ). Expression of the RPOT2 gene could not be detected in seedlings, and it is possible that this gene is expressed later during development. Expression of the NEP gene did not respond to the accumulation of Mg-ProtoIX, whereas the sigma factors necessary for the function of the multisubunit enzyme PEP appears to be controlled by the accumulation of the plastid signal Mg-ProtoIX. Thus, by controlling expression of the sigma factors, the plastid factor Mg-ProtoIX would be able to coordinate nuclear and plastidic photosynthetic gene expression.
DISCUSSION
Taking advantage of the fluorescent properties of tetrapyrroles, we could use confocal laser scanning spectroscopy to visualize We confirmed the specificity of the emission signals for ProtoIX and Mg-ProtoIX using mutants with specific lesions in the tetrapyrrole pathway (Figures 3 and 4) . Furthermore, the emission from Mg-ProtoIX and ProtoIX was specific to photosynthetic tissues, and no emission of the wavelengths corresponding to the tetrapyrroles could be detected in root tissue ( Figure 5 ; see Supplemental Figure 4 online). In addition, emission corresponding to Mg-ProtoIX could only be detected in the norflurazon-grown seedlings (Figures 4 and 5) . This observation confirmed published results demonstrating specific accumulation of Mg-ProtoIX under conditions affecting the thylakoid structure (Strand et al., 2003; Wilson et al., 2003) . Expression change following norflurazon treatment compared with green control in the wild type, gun5, and crd mutants of the plastid-encoded RpoB (A), AccD (B), ClpP (C), and Rpl33 (D) genes. Real-time PCR was used, and 18S rRNA was used as internal standard in the different cDNA samples. Each bar presented as log2 represents the mean (695% CI) of at least three independent experiments. Seedlings were grown with and without 0.5 mM norflurazon for 6 d in a 16-h-light/8-h-dark cycle. Figure 10 . Expression of SIG1-6 and RPOPT.
Expression change following norflurazon treatment compared with the green control in the wild type, gun5, and crd of the nuclear genes encoding the different sigma factors SIG1 (A), SIG2 (B), SIG3 (C), SIG4 (D), SIG5 (E), and SIG6 (F) genes and the NEP RPOPT (G) using real-time PCR. 18S rRNA was used as internal standard in the different cDNA samples. Each bar presented as log2 represents the mean (695% CI) of at least three independent experiments. Seedlings were grown with and without 0.5 mM norflurazon for 6 d in a 16-h-light/8-h-dark cycle.
Mg-ProtoIX accumulation initiates retrograde communication between the chloroplast and the nucleus (Strand et al., 2003; Strand, 2004) and functions as a negative regulator of nuclear photosynthetic gene expression (Beck, 2005) . However, until now, it has been unclear how the Mg-ProtoIX signal is transduced from the chloroplast, where it is synthesized, to the nucleus. Our confocal images clearly demonstrated that MgProtoIX accumulated both in the chloroplasts and the cytosol under stress conditions ( Figure 5 ; see Supplemental Figures 2  and 3 online) . These results show that the signaling metabolite Mg-ProtoIX is exported from the chloroplast to the cytosol, via a still unknown mechanism, transmitting the plastid signal to the cytosol. The SCO1:GFP line (Albrecht et al., 2006) demonstrated that the GFP signal was restricted to the chloroplasts, confirming that the integrity of the plastid envelope membranes was not affected by norflurazon treatment, ALA feeding, or handling of the material during the microscopy studies ( Figure 5 ; see Supplemental Figures 2 to 4 online). Intact envelope membranes following norflurazon treatment were also demonstrated with the TEMs (Figures 6D to 6F ). The intermediate ProtoIX accumulated in the cytosol in all genotypes tested, both under control conditions and following norflurazon treatment (Figures 3 to 5 ). This further demonstrated that artifacts did not cause the observed export of tetrapyrroles during the experiments. Furthermore, the relative cytoplasmic accumulation of Mg-ProtoIX and ProtoIX was consistently greater in the cotyledons compared with the hypocotyls (Figures 5N and 5O ; see Supplemental Figures 2 and 3 online), suggesting that the export mechanism(s) is more active in leaf tissue compared with hypocotyls and that the export of tetrapyrroles is an active and regulated process. Supporting this conclusion, Kropat et al. (1995 Kropat et al. ( , 1997 Kropat et al. ( , 2000 
demonstrated in
Chlamydomonas that the light-responsive gene HSP70, encoding a heat shock protein, could be induced in the dark by feeding Mg-ProtoIX to the cells. However, if the cells were fed ProtoIX, the chloroplast-derived Mg-ProtoIX could not access the cytosol in the dark, suggesting that the export mechanism was light regulated (Kropat et al., 2000; Beck, 2005) . Efflux of related molecules, such as heme, heme precursors, phytochromobilin, and chlorophyll degradation products, has been observed from chloroplasts (Thomas and Weinstein, 1990; Matile et al., 1992; Jacobs and Jacobs, 1993; Terry et al., 1993) , and it is feasible that the export mechanism is promiscuous and that the same transport route(s) could be used by Mg-ProtoIX and ProtoIX. Mutant analysis of Arabidopsis suggests that a plastid-localized ABC transporter-like protein may be involved in the translocation of ProtoIX across the envelope membrane (Moller et al., 2001 ). Furthermore, a mitochondrial peripheral-type benzodiazepine receptor from Arabidopsis was demonstrated to transport ProtoIX (Lindemann et al., 2004) , and the GUN4 protein, which was demonstrated to bind both ProtoIX and Mg-ProtoIX and to be localized to the envelope of the chloroplast (Larkin et al., 2003) , may also be involved in the export of tetrapyrroles from the chloroplast. Therefore, while the route(s) for transport of tetrapyrroles or the components involved in this transport is not known, our protocol for visualization of ProtoIX and Mg-ProtoIX accumulation in the plant cell may help identify the components involved in the transport of tetrapyrroles across the envelope membranes.
Identification of signaling metabolites emitted from the organelles used in retrograde communication is novel in plants. However, yeast (Saccharomyces cerevisiae) has been shown to use heme synthesized in the mitochondria to regulate transcription of nuclear genes encoding mitochondrial proteins (Forsburg and Guarente, 1989) . Heme synthesis is directly correlated to oxygen levels in the cellular environment and when cells are grown aerobically heme is synthesized in the mitochondria and imported to the nucleus where it activates the transcription factor HAP1 (Kwast et al., 1998) . Binding of heme to HAP1 permits HAP1 to bind upstream activation sequences, promoting transcription of many genes required for oxygen use and the ROX1 gene, encoding the aerobic repressor that represses genes encoding proteins required for anaerobic growth (Zhang and Hach, 1999) . Our results demonstrated that Mg-ProtoIX accumulated evenly through the cytosol, and our confocal images do not imply that Mg-ProtoIX accumulated specifically in the nucleus. These data suggest that Mg-ProtoIX likely binds a regulatory protein in the cytosol and modifies the activity and/or the translocation of this protein, perhaps through a photoreactive action. As a consequence, expression of nuclear-encoded photosynthetic genes is inhibited. A sequence motif that mediates gene activation by Mg-ProtoIX has recently been identified in Chlamydomonas. Analysis of the HSP70A promoter revealed two regulatory regions that each confers responsiveness to MgProtoIX and light (von Gromoff et al., 2006) . Mutational analysis of one of those regulatory regions and an alignment with promoters of other Mg-ProtoIX-inducible genes uncovered the sequence motif (G/C)CGA(C/T)N(A/G)N 15 (T/C/A)(A/T/G) that may confer Mg-ProtoIX responsiveness (von Gromoff et al., 2006) . At this point, the components recognizing the accumulation of MgProtoIX and the trans-acting factors controlling the expression of photosynthetic genes remain to be discovered, and identifying these factors is a challenging task for the future. Nevertheless, our results demonstrate that the subsequent component in the Mg-ProtoIX-mediated plastid-to-nucleus pathway should be a cytosolic protein.
The confocal images demonstrated that a significant amount of Mg-ProtoIX accumulated in the chloroplast in wild-type seedlings following norflurazon treatment (Figures 5N and 5O ; see Supplemental Figures 2 and 3 online) . The expression of plastidencoded genes is known to respond to changes in the environment (Pfannschmidt et al., 1999; Tullberg et al., 2000) , and when expression of the plastid-encoded genes was investigated following norflurazon treatment, we found that expression of photosynthesis-related genes was maintained in the gun5 mutant compared with the wild type and the crd mutant (Figure 8 ). Similar to the nuclear-encoded photosynthesis genes, expression of the plastid-encoded psbA, psbD, psaA, psaC, and rbcL genes was severely repressed in the wild type and the crd mutant by the norflurazon treatment, but expression was maintained in the gun5 mutant ( Figures 8A to 8E ). By contrast, the expression of genes encoding the housekeeping proteins, RpoB, AccD, ClpP, and Rpl33, was not repressed by the norflurazon treatment in the wild type, and the expression was not different in the gun5 mutant compared with the wild type (Figure 9 ), suggesting that it is not a general effect on chloroplast transcription in the gun5 mutant. Furthermore, the chloroplast structure of the gun5
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The Plant Cell mutant is indistinguishable from the wild type and the crd mutant following norflurazon treatment ( Figure 5 ), excluding differences in sensitivity to the norflurazon treatment between the wild type and the mutants as the cause for the differences in gene expression. Thus, using the Mg-ProtoIX over-and underaccumulating mutants crd and gun5, respectively, we could link the effect on the photosynthesis-related plastid-encoded genes to the accumulation of Mg-ProtoIX. Plastid-encoded genes of higher plants are transcribed by at least two types of RNA polymerases: NEP and PEP (Hanaoka et al., 2005) . NEP mediates the transcription of housekeeping genes, such as the RpoB, AccD, ClpP, and Rpl33 (Table 2) (Hess et al., 1994; Hajdukiewicz et al., 1997; Xie and Allison, 2002; Liere et al., 2004) , whereas photosynthesis-related genes, such as psbA, psbD, and rbcL, are transcribed by PEP (Allison et al., 1996; DeSantis-Maciossek et al., 1999) . Our results demonstrated that Mg-ProtoIX specifically affects expression of the PEP-transcribed photosynthesis genes. Expression of RpoB that encodes the PEP b-chain was not repressed by the norflurazon treatment ( Figure 9A ). However, the difference in expression of the photosynthesis-related genes could be explained by a gun effect on the nuclear-encoded promoter specificity factors of PEP, the sigma factors (SIG1-SIG6) (Figure 10 ). The expression of the SIG2-SIG6 genes was not repressed in the gun5 mutant following norflurazon treatment; therefore, the expression of the plastid-encoded photosynthesis genes could be maintained. However, at this point we cannot exclude an additional regulatory role for the accumulated Mg-ProtoIX inside the chloroplast.
Thus, in addition to exerting control over nuclear-encoded photosynthesis genes, stress-induced accumulation of Mg-ProtoIX also affects the expression of the plastid-encoded photosynthesis genes by controlling the expression of the sigma factors necessary for the function of the multisubunit enzyme PEP. During the course of evolution, the chloroplasts lost most of their genes to the nucleus and throughout the gradual conversion from endosymbiont to organelle mechanisms have evolved for the plant cell to orchestrate nuclear and organellar gene expression. Our results demonstrate that accumulation of the signaling metabolite Mg-ProtoIX coupled to the export to the cytosol links the functional status of the chloroplast to the nucleus, enabling the plant to synchronize the expression of photosynthetic genes from the nuclear and plastidic genomes.
METHODS
Plant Material and Growth Conditions
Arabidopsis thaliana wild-type (Columbia) and mutant (gun5, chld, SALK_150219, and crd, SALK_009052) seedlings (Mochizuki et al., 2001; Tottey et al., 2003) were grown on 13 Murashige and Skoog (MS) agar medium (Duchefa) containing 2% sucrose. Seedlings were vernalized for 24 h/48C in the dark and then grown for 6 d in a 16-h-light/8-h-dark cycle at 238C. Mg-ProtoIX accumulation was induced by supplementing 13 MS agar medium with 0.5 mM norflurazon.
RNA Isolation and DNase Treatment
Total RNA was isolated using the RNeasy plant mini kit (Qiagen) according to the manufacturer's instructions. Total RNA concentration was determined with a Nanodrop ND-1000 spectrophotometer. Before cDNA synthesis, 5 mg of total RNA were DNase treated (Ambion) according to the manufacturer's recommendations.
cDNA Synthesis and Real-Time PCR genomicDNA. No amplification was observed in the samples for any of the primers used.
RNA Gel Blots
RNA gel blots were done according to Strand et al. (2003) .
HPLC Analysis
HPLC analysis was done according to the method described by Strand et al. (2003) . Leaf material was homogenized in acetone (0.1 M NH 4 OH, 8:2 [v/v] ) and homogenized and centrifuged with ice-cooling. The residue was resuspended again, and the same procedures described above were repeated. The collected supernatants were mixed and centrifuged prior to HPLC analysis. Column eluent was monitored by UV detection, and Mg-ProtoIX was identified and quantified using authentic standards. ProtoIX, Mg-protoIX, and Mg-ProtoIX methylester were purchased from Frontier Scientific.
Confocal Spectroscopy
Reference spectra were obtained by spectral measurement from 410 to 750 nm under 405-nm diode laser excitation of commercially available standard of ProtoIX, MgProtoIX, and MgProtoIX-Me (Frontier Scientific) by dot blot. Three-millimeter Whatman paper (3MMChr) was attached using tape on a microscope slide, and 1 mL containing 40 pmol of the standard was deposited onto the paper, its position marked by pencil, and spectral scan xyz was performed with an SP2 confocal microscope equipped with an inverted DMIRBE II microscope (Leica). Six-day-old seedlings grown with or without norflurazon were fed 3 mL of ALA solution (10 mM 5-aminolevulinate [Sigma-Aldrich], 5 mM MgCl 2 , and 10 mM KPO 4 , pH 7.0) under green safelight conditions and incubated for 13 h in the dark to amplify the Mg-ProtoIX accumulation. Confocal images were acquired with an SP2 confocal laser scanning system equipped with an inverted microscope (Leica) and a 340 water immersion objective (numerical aperture of 0.75). Spectral measurements were performed using a 10-nm window with an airy 1 pinhole opening from 415 to 710 nm with the 405-nm ray line of a UV diode laser. Representative images were taken from 507 to 537 nm, 585 to 615 nm, 627 to 657 nm, and 680 to 710 nm for the specific emission of GFP, Mg-ProtoIX, ProtoIX, and chlorophyll, respectively. Emission spectra were calculated by averaging measurements of 10 positions overlapping and excluding chloroplasts. Spectra normalization was performed by relative readjustment of all the spectral values within a 0 to 1 scale. Principal component analysis and correlated loadings were performed with UV-scaled normalized spectra using SIMCA v10.5 (Umetrics). Three-dimensional UV spectroscopy by XYZl scans was performed on selected object of an ALA-fed norflurazontreated hypocotyl SCO1:GFP seedling over a 10-mm depth and every 10 nm between 415 and 705 nm. Spectra normalization was performed as mentioned above.
TEM
Seedlings were grown for 6 d on 13 MS agar medium containing 2% sucrose, with or without 0.5 mM norflurazon. The preparation, embedding, and cutting of the samples were done according to Keskitalo et al. (2005) .
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